Abundant evidence indicates that the neuronal nicotinic acetylcholine receptor (nAChR) system is integral to regulation of attentional processes and is dysregulated in schizophrenia. Nicotinic agonists may have potential for the treatment of cognitive impairment in this disease. This study investigated the effects of transdermal nicotine on attention in individuals with schizophrenia (n ¼ 28) and healthy controls (n ¼ 32). All participants were nonsmokers in order to eliminate confounding effects of nicotine withdrawal and reinstatement that may occur in the study of smokers. Subjects received 14 mg transdermal nicotine and identical placebo in a randomized, placebocontrolled, crossover design. A cognitive battery was conducted before and 3 h after each patch application. The primary outcome measure was performance on the Continuous Performance Test Identical Pairs (CPT-IP) Version. Nicotine significantly improved the performance on the CPT-IP as measured by hit reaction time, hit reaction time standard deviation and random errors in both groups. In addition, nicotine reduced commission errors on the CPT-IP and improved the performance on a Card Stroop task to a greater extent in those with schizophrenia vs controls. In summary, nicotine improved attentional performance in both groups and was associated with greater improvements in inhibition of impulsive responses in subjects with schizophrenia. These results confirm previous findings that a single dose of nicotine improves attention and suggest that nicotine may specifically improve response inhibition in nonsmokers with schizophrenia.
INTRODUCTION
Accumulated evidence suggests that dysregulation of the neuronal nicotinic acetylcholine receptor (nAChR) system contributes to the pathophysiology of schizophrenia. Postmortem studies have revealed a reduction in lowaffinity nAChRs in the hippocampus, and reduced smokingrelated upregulation of high-affinity nAChRs in the cortex, hippocampus, and caudate at all levels of smoking compared with controls Breese et al, 2000) . Deficient P50 auditory sensory gating has been linked to polymorphisms at the site of the a7nAChR gene on chromosome 15q14 and is transiently reversed by nicotine administration in smokers with schizophrenia and in nonsmoking first-degree relatives of patients with schizophrenia (Adler et al, 1992 (Adler et al, , 1993 Freedman et al, 1997; Leonard et al, 2002) . Nicotine also improves diseaseassociated deficits in prepulse inhibition (PPI) of the acoustic startle response (Kumari et al, 2001 ) and oculomotor function, with improvements reported in smooth pursuit eye movement (SPEM) and antisaccade error rates (Olincy et al, 1998 (Olincy et al, , 2003 Depatie et al, 2002; Sherr et al, 2002; Avila et al, 2003) . These findings, combined with the observation that the prevalence of cigarette smoking is much higher in schizophrenia compared with the general population, (Hughes, 1986; de Leon et al, 2002) have led to the hypothesis that smoking represents a form of self-medication for patients with psychiatric illness, particularly schizophrenia (Glassman, 1993; Dalack et al, 1998; Kumari and Postma, 2005) .
Cognitive dysfunction is thought to have a significant impact on functional outcome in schizophrenia, and intensive research is being focused on identification of treatments for cognitive impairment in this disorder (Green, 1996 (Green, , 2000 . There is increasing evidence that nAChR stimulation has beneficial effects on cognitive function in schizophrenia, possibly via presynaptic modulation of dopamine and/or glutamate release (McGehee et al, 1995; George et al, 2000; Picciotto et al, 2000; Wonnacott et al, 2000) . The administration of both short-and long-acting preparations of nicotine to individuals with schizophrenia has been associated with improved neuropsychological performance (Levin et al, 1996b; Depatie et al, 2002; Smith et al, 2002 Smith et al, , 2006 Harris et al, 2004; Jacobsen et al, 2004; Myers et al, 2004) . Acute administration of the selective a7nAChR partial agonist, DMXB-A, improved P50 gating compared with placebo (Olincy et al, 2006) and administration of the nAChR antagonist, mecamylamine, blocked smoking-associated improvements in performance on attentional and visuospatial working memory (VSWM), implying that nAChR activation mediates smoking-related cognitive enhancement (Sacco et al, 2005) . If nAChR activation improves cognitive dysfunction in schizophrenia, then smoking abstinence would be expected to result in deterioration in cognitive performance. Performance on a VSWM task deteriorated in those with schizophrenia and improved in smokers with no psychiatric illness during early smoking abstinence (George et al, 2002) , and seven days of smoking abstinence resulted in significant impairments in psychomotor performance amongst smokers with schizophrenia (Evins et al, 2005b) .
In summary, current evidence suggests that nicotinic agonists may have a therapeutic use for the treatment of cognitive dysfunction in schizophrenia and possibly other neuropsychiatric disorders (Levin et al, 1996a; White and Levin, 1999; Kelton et al, 2000) . However, many studies investigating the effects of nicotinic stimulation in schizophrenia have been conducted in smokers who have undergone a brief period of abstinence from smoking prior to testing of nicotine effects. Under such circumstances, cognitive benefits observed following the nicotine administration may be confounded by reversal of nicotine withdrawal symptoms or limited by tachyphylaxis (Harris et al, 2004) . We, therefore, performed the following study to investigate the acute effects of nicotine on cognition in nonsmokers with schizophrenia and healthy controls. We selected a measure of attention as our primary outcome as the nAChR system is thought to play an integral role in the regulation of attentional processes (Mansvelder et al, 2006) and several previous studies have reported an improvement in this cognitive domain following nicotine administration in individuals with schizophrenia (Depatie et al, 2002; Harris et al, 2004; Sacco et al, 2005; Smith et al, 2006) . Our primary hypothesis was that nicotine would enhance attention in nonsmokers with schizophrenia and controls; and the secondary hypothesis was that nicotine-associated improvements in cognition would be greater in the schizophrenia group compared with controls.
METHODS

Participants
We conducted a randomized, double-blind, placebo-controlled, crossover study of the effects of nicotine on cognition in nonsmokers with schizophrenia and healthy controls. The study was carried out in accordance with the Declaration of Helsinki and was approved by the Institutional Review Boards of the Massachusetts Department of Mental Health and the Massachusetts General Hospital. All participants were assessed by a doctoral level investigator as competent to consent and signed informed consent prior to participation.
Nonsmokers with schizophrenia on a stable dose of antipsychotic medication were recruited from the outpatient population of an urban community mental health clinic. Diagnosis of schizophrenia or schizoaffective disorder depressed type by DSM-IV criteria was confirmed by clinical interview and medical record review by a study psychiatrist (RB or EE). Control participants were recruited using advertising in local press and internet sites. Eligible participants were aged 18-65 years, scored X35 on the Wide Range Achievement Test-3rd version (WRAT 3 blue form, Jastak Associates, Wilmington, DE, USA), and were nonsmokers for X3 months prior to enrollment. Self-report of nonsmoking status was confirmed by semi-quantitative salivary cotinine o10 ng/ml (Nicalert TM , JANT Pharmacal Corporation, Encino, CA, USA) and expired air carbon monoxide (CO) o9 p.p.m., measured using a Bedfont Micro Smokerlyzer III (Bedfont Scientific Ltd., Kent, UK). Subjects were excluded if they met criteria for diagnosis of substance abuse or dependence other than caffeine in the past month by self-report or tested positive on a salivary drug screen for phenylcyclidine (PCP), tetrahydrocannabinol (THC), cocaine, opiates, methamphetamine, amphetamine (Accutest Saliva Test TM , JANT Pharmacal Corporation, Encino, CA, USA) or alcohol (ALCO Screen, CHEMATICS, Inc., North Webster, IN, USA). Other exclusion criteria for both schizophrenia and control groups were lifetime diagnosis of cognitive impairment secondary to head injury, dementia or general medical illness, use of investigational medication in the past month, current diagnosis of major depressive disorder, current unstable medical illness including hypertension or ischemic heart disease, or a known allergy to constituents of the nicotine patch. Individuals with schizophrenia were excluded if there was evidence of recent deterioration in their mental state such as a change in nature or severity of symptoms documented in their medical record or if dose or type of psychiatric medication had been changed in the preceding month. Controls were excluded if they met lifetime criteria for any Axis-1 diagnosis on Structured Clinical Interview for DSM-IV (SCID) (First et al, 1995) or had a first-degree relative with a schizophrenia spectrum disorder.
Procedure
Following screening and enrollment, participants attended a total of three visits (a baseline visit followed by 2 study days). At the first visit, all subjects underwent a training session in the Cognitive Drug Research (CDR) battery (Simpson et al, 1991) (data not presented) and subjects with schizophrenia completed baseline clinical scales including the Scale for Assessment of Negative Symptoms (SANS) (Andreasen, 1981) and Positive and Negative Syndrome Scale (PANSS) (Kay, 1991) . After this baseline visit, subjects were randomized using a computer-generated random number sequence to one of the two groups to determine the order for receipt of active and placebo patches. All subjects then attended the 2 study days separated by 1-2 weeks. Randomization was concealed using opaque envelopes, and assessors and subjects were blinded to group allocation. Female subjects underwent testing during the follicular phase of the menstrual cycle to avoid confounding effects of stage of menstrual cycle on cognitive performance (Symonds et al, 2004) .
On both study days, participants completed exhaled-air CO measures and salivary drug and alcohol screens prior to a cognitive battery. Participants were instructed to abstain from caffeine for at least 1 h prior to all testing sessions. On completion of the 2-h cognitive battery, two 7 mg nicotine (Nicoderm CQ TM , Alza Corporation, Mountain View, CA, USA) or identical placebo patches (Alza Corporation) were applied to the upper arm. Participants remained in the study center while wearing the patch. They had lunch and watched a movie of their choice during this time. Three hours following patch application, subjects had a repeat expired-air CO measurement to rule out recent surreptitious smoking and repeated the cognitive battery. After the cognitive assessment, samples were collected for serum nicotine measurement. Blood samples for nicotine analysis (ABS Laboratories, London, UK) were collected in heparinized tubes and centrifuged for 10 min prior to being frozen at À801C. Patches were removed following the blood draw, and medication side effects were recorded using an adverse events tracking form.
Neuropsychological Measures
Continuous performance test identical pairs version. The primary outcome measure was attention as measured by the Continuous Performance Test Identical Pairs (CPT-IP) Version 4.0 (Biobehavioral Technologies, New York, USA), developed for use in patients with schizophrenia and normal controls (Cornblatt et al, 1988 (Cornblatt et al, , 1989 . In this task, participants were asked to respond when two identical pairs of numbers were presented in sequence by pressing a mouse key as quickly as possible using the dominant hand. After 25 practice trials, three blocks of 150 trials were presented with a constant rate of one stimulus per second and stimulus duration of 50 ms. The stimuli were presented with increasing cognitive load in successive blocks: two-, three-and four-digit target in the first, second and third block, respectively. Standard outcome variables on the CPT-IP are the d 0 measure of signal to noise, correct hits, hit reaction time, standard deviation of hit reaction time and errors of commission: false alarms and random errors. False alarms are a type of commission errors in which the stimulus presented was similar but not identical to the stimulus preceding it. Random errors are another type of commission errors in which the stimulus presented had no similarity to the previous stimulus.
Three card stroop. This standard test of visual attention, processing speed and cognitive interference was performed (Golden and Freshwater, 1998) , in which three cards (Stoelting Co., Wood Dale, IL, USA) were presented in order: the first card with color names, the second with colored patches of ink and the third with color names printed in incongruously colored ink. Participants were asked to read or name as many colors as possible in 45 s for each condition. The raw interference score was calculated by subtracting the predicted color-word score (calculated using raw word and color scores) from the observed raw color-word score. This value was converted to an interference T score by referring to a standardized table (Golden and Freshwater, 1998) . A higher interference T score indicates better task performance with less interference.
Letter number sequencing (LNS). This measure of working memory and auditory attention was performed under two conditions. In the first condition, participants were read progressively longer lists of letters and numbers and instructed to repeat these exactly as given, without reordering (Gold et al, 1997) . In the second condition, participants were read progressively longer lists of numbers and letters and instructed to re-order the list and give the numbers first in ascending order and then the letters in alphabetical order (WMS-III) (Wechsler, 1997b) . The sum of the trial scores provided the item score and the sum of the item scores provided the total score.
The Grooved Pegboard (model 32025 Lafayette Instrument Company, Lafayette, IN, USA). In this test of lateralized psychomotor speed, participants had 45 s to place as many pegs as possible into grooves on a board using their dominant hand. The number of correctly placed pegs and number of drops were recorded for each of the two trials.
Two additional cognitive measures were included in the battery. A measure of verbal memory was performed on a subset of the participants (Weiss et al, 2006) and the CDR battery was piloted, data not presented.
Statistical Analysis
Baseline demographic and clinical variables were compared using independent Student's t-tests or exact tests. Data were analyzed using a split-plot repeated measures analysis of variance (ANOVA) with time (pre-dose vs post-dose) and treatment (nicotine vs placebo) as within-subject factors, and diagnosis (schizophrenia vs control) as between subject factors. Variables were assessed for distributional properties. Only one variable (proportion of random errors on the CPT-IP), was found to be substantially skewed and was subjected to a log transformation as follows (Cornblatt et al, 1988) : the proportion of errors was multiplied by 100, added to one and converted to natural logs (pre-transformation skew ¼ 3.62 (0.16), kurtosis ¼ 15.00 (0.31); post-transformation skew ¼ 1.28 (0.15), kurtosis ¼ 1.36 (0.31). The effect of order of active treatment, subject age, smoking history, and intelligence quotient (IQ) on pre-vs post-dose cognitive measures was investigated using bivariate correlations and included as a covariate in analyses if significant. Separate additional analyses were also performed to assess the effect of treatment on attentional performance with increasing cognitive load across the three blocks on the CPT-IP, by including block (2-, 3-and 4-digit) as a within-group factor in the repeated measures ANOVA described above. Effect sizes were measured using partial Z 2 for the ANOVAs. Data are presented as mean7standard deviation (SD).
All analyses were performed using SPSS for Windows 10 (SPSS Inc.).
RESULTS
Fifty-six individuals with schizophrenia and 288 controls responded to recruitment fliers and underwent initial telephone screening. Eighteen patients with schizophrenia were excluded during initial screening. Six were not interested, two were outside the eligible age range, two were current smokers or using NRT and eight did not meet diagnostic criteria for participation. Two hundred and thirty-five controls were excluded during initial telephone screening. One hundred and thirty-two were not interested after full study procedures and remuneration were explained; 90 reported past or current psychiatric disorder; seven were current smokers and six were excluded for other reasons including current significant physical illness. Thirty-eight potential participants with schizophrenia and 53 controls met the initial criteria, signed informed consent, and underwent further screening. Of these, six with schizophrenia were ineligible and four withdrew the consent, and 16 controls were ineligible and five withdrew the consent. Twenty-eight subjects with schizophrenia and thirty-two controls met full criteria for participation and were randomized for order of receiving nicotine and placebo patches.
Compared with subjects with schizophrenia, controls were younger and less likely to have smoked in the past (Table 1) . As expected, baseline education and IQ were higher, and baseline cognitive performance (at the first predose testing session) was significantly better in controls compared with subjects with schizophrenia on all cognitive tests (see Supplementary Table 1 ). All participants with schizophrenia and no controls were taking psychotropic medications (Table 2) . Twenty-nine participants consented to have blood drawn for serum nicotine at the end of each testing session. Nicotine plasma levels were 7.4 (3.8) ng/ml following the active patch administration and 0.3 (0.5) ng/ml following placebo administration (t ¼ À9.8, po0.0001). Serum nicotine levels did not differ between the schizophrenia and control groups in the active patch condition (t ¼ À0.3, p ¼ 0.8) or placebo condition (t ¼ À0.9, p ¼ 0.4) ( Table 3) . Mean duration of patch application was 5.3 (0.3) h for subjects with schizophrenia and 5.1 (0.3) h for controls (t ¼ 2.6, p ¼ 0.01). The average time between the 2 study days was 11.1 (11.6) days in controls and 8.9 (3.0) days in the schizophrenia group (t ¼ À1.1, p ¼ 0.3).
Cognitive Measures
Neither the order of active drug administration, subject age, smoking history nor the IQ was found to correlate with difference between pre-and post-dose performance on any of the neurocognitive variables, and therefore, was not included in the models.
Results of the repeated measures ANOVA, including effect sizes, are given in Figure 1a and b, Supplementary Figure  a and b) . Nicotine did not significantly improve the performance on d 0 (time Â treatment F 1,58 ¼ 2.24, p ¼ 0.14) and had no effect on the number of correct hits on the CPT-IP (time Â treatment F 1,58 ¼ 0.13, p ¼ 0.72). As expected, there was a main effect of diagnosis on all CPT-IP variables (reaction time F 1,58 ¼ 40.09, po0.0001; reaction time SD There were no significant interactions between digit block and treatment on any CPT-IP variables to suggest greater benefit of nicotine with greater cognitive load on this task.
In the Stroop task, there was a significant time Â treatment Â diagnosis interaction (F 1,55 ¼ 4.87, p ¼ 0.03), indicating that nicotine improved the interference T-score in schizophrenia but not in controls (Table 3 , Figure 1c , Supplementary Figure c) . Analysis of raw scores for each of the Stroop conditions confirmed the improvement in performance in subjects with schizophrenia was occurring in the color-word condition of the Stroop (time Â treatment Â diagnosis interaction F 1,55 ¼ 3.52, p ¼ 0.06) and not in the word (time Â treatment Â diagnosis interaction There were no significant effects of treatment or interaction between variables on the LNS or Grooved Pegboard (Table 3) . A significant main effect of diagnosis was observed for both tasks (LNS without reorder F 1,58 ¼ 12.94, po0.001; LNS with reorder F 1,58 ¼ 24.00, po0.0001; Grooved Pegboard F 1,56 ¼ 33.11, po0.0001).
Adverse Events
All subjects attended both patch administration visits. Two participants with schizophrenia experienced serious adverse events judged to be unrelated to study participation. One subject required hospitalization for an allergic reaction to peanuts prior to study visits and later completed the study. A second subject was hospitalized due to deterioration in mental state 28 days after study visits were completed. One subject with schizophrenia and two controls were unable to complete the entire post dose neurocognitive battery due to the development of nausea and vomiting. Data for the Letter Number Sequencing Task and CPT-IP were obtained from these subjects, as these tasks had been completed prior to the development of symptoms. Data were not collected for the Stroop (all three subjects) and Grooved Pegboard (two subjects) and these participants were, therefore, excluded from the analyses of these measures. Two subjects with schizophrenia and four controls required dose reduction to 7 mg after experiencing moderate nausea. Mild adverse events included minor skin irritations (17 subjects), dizziness (14 subjects), headache (11 subjects), mild nausea (seven subjects), or palpitations (seven subjects). Subjects who required dose reduction were included in all analyses, although it is possible that the lowering of dose may have reduced any effects of nicotine. The experience of adverse effects may have reduced the therapeutic effect of nicotine, however, in bivariate analyses there was no significant correlation between total number or severity of adverse effects and the effect of nicotine on any neurocognitive variable.
DISCUSSION
A single dose of transdermal nicotine improved the attentional performance in nonsmokers with schizophrenia and healthy control participants as measured by hit reaction time, reaction time variability and random errors on the CPT-IP. Additionally, nicotine reduced commission errors as measured by false alarms and random errors on the CPT-IP and improved performance on the interference condition of the Stroop in those with schizophrenia to a greater extent than in controls. Beneficial effects of nicotine on sustained attention, vigilance and response inhibition were not accompanied by improvements in simple auditory attention, working memory or psychomotor speed, as no improvement was observed on the LNS or grooved pegboard. These findings are supportive of our primary hypothesis that nicotine administration would result in improved attentional performance compared with placebo in nonsmokers with schizophrenia and controls, and lend partial support to our secondary hypothesis that individuals with schizophrenia would derive greater attentional benefits from nicotine than normal controls. These findings are HRT (ms) 582 (74) 542 (100) 562 (82) 569 (78) 480 (55) 453 (50) 463 (43) 465 (45) 20.4 (1,58) o0.001 0.26 1.1 (1,58) 0.30 0.02 SD HRT (ms) 159 (37) 142 (38) 147 (32) 149 (32) 100 (27) 88 (26) 97 (24) 99 (31) Effects of nicotine on cognition in schizophrenia RS Barr et al consistent with a disease-specific benefit of nicotine on impulsivity and response inhibition.
Our findings are consistent with other studies that have demonstrated improvement in pre-attentional and attentional tasks with nicotine administration in individuals with schizophrenia (Adler et al, 1993; Levin et al, 1996b; Kumari et al, 2001; Depatie et al, 2002; Sherr et al, 2002; Olincy et al, 2003; Harris et al, 2004; Jacobsen et al, 2004; Smith et al, 2006) . Two previous studies investigated the effects of nicotine on attention in schizophrenia using the CPT-IP (Depatie et al, 2002; Sherr et al, 2002) . In one study (Depatie et al, 2002) , a 14 mg nicotine patch application improved the number of correct hits to a greater extent in smokers with schizophrenia than in controls. We found no effect of nicotine on correct hits, however, a high correct-hit rate at baseline in our sample may have contributed to the difference in findings in the two studies. In another study (Sherr et al, 2002) , in a group of smokers and nonsmokers with and without schizophrenia, nicotine, delivered via nasal spray, improved eye acceleration in the SPEM task in subjects with schizophrenia, however had no effect on CPT-IP d 0 , while other CPT-IP variables were not reported from this study. Variation in these findings may be due to pharmacological differences such as dose or mode of administration of nicotine or to differences such as in smoking status or psychiatric medication of participants.
Previous studies investigating the effects of nicotine on attention in nonsmokers without psychiatric disorder have yielded inconsistent findings (Heishman et al, 1993; Le Houezec et al, 1994; Foulds et al, 1996; Levin et al, 1998; Heishman and Henningfield, 2000; Ernst et al, 2001; Mumenthaler et al, 2003; Sacco et al, 2004) . Although it has been suggested that individuals with optimal baseline performance may experience deterioration in performance with nAChR stimulation unless task demands are very high (Newhouse et al, 2004) , variation in findings may also be attributed to differences in the measure used to assess attentional performance or, as above, to pharmacological differences such as dose or mode of administration of nicotine. One study which investigated the effect of a single dose of transdermal nicotine in nonsmokers, with attention as the primary outcome, described improvement in performance on the Conners' CPT as reflected by a reduction in hit reaction time variability and omission errors, however, no medication effect was seen on commission errors (Levin et al, 1998) . Our results with a different CPT and a higher dose of nicotine, are consistent although not identical with these results and provide further evidence that nicotinic receptor stimulation leads to cognitive benefits in individuals without cognitive impairment (Le Houezec et al, 1994; Foulds et al, 1996; Levin et al, 1998; Mumenthaler et al, 2003) .
In addition to the effects described above, nonsmokers with schizophrenia improved more than controls on commission errors (false alarms and random errors) on the CPT-IP and on Stroop performance. This reduction in commission errors was not accompanied by a decrease in the number of correct hits, indicating that this finding was specific for reduction in impulsive errors rather than an effect on overall response tendencies. The number of false alarms in the control group suggests that the interaction on this variable is not merely due to 'floor effects' in the control group. Controls made very few random errors on the CPT-IP, raising the possibility that floor effects contributed to the observed treatment by diagnosis interaction on this variable. We conducted a one-sample t-test, which confirmed that the number of random errors in the control group was significantly greater than zero at baseline, reducing the likelihood that a floor effect contributed to this observation. There was also a greater reduction in false alarms in subjects with schizophrenia compared with controls on a verbal memory task performed in a subset of our sample with no improvement in hit rate or source memory (Weiss et al, 2006) . These findings are consistent with those of Myers and coworkers who reported that nicotine nasal spray reduced false alarms in smokers and nonsmokers with schizophrenia on a delayed recognition task, although this was also accompanied by a reduction in hit rate in the nonsmokers not seen in the present study (Myers et al, 2004) .
While we expected an interaction on all attention measures, we observed a greater effect of nicotine in individuals with schizophrenia compared with controls on aspects of attentional function that may be mediated via an improvement in response inhibition, which refers to the ability to suppress inappropriate responses (Jentsch and Taylor, 1999) . These findings are analogous to improvements following nicotine administration demonstrated using a number of experimental paradigms that reflect inhibitory functioning such as auditory p50 gating, PPI and eye movement tasks (Adler et al, 1993; Kumari et al, 2001; Depatie et al, 2002; Olincy et al, 2003; Postma et al, 2006) . The effects of nicotine on auditory P50 gating appears to be due to activation of the a7nAChR, which may facilitate inhibition in the hippocampus via activation of GABAergic interneurons (Freedman et al, 1994; Hershman et al, 1995; Leonard et al, 1996) . Nicotine effects on response inhibition in this study could also be mediated by enhancement of dopaminergic functioning. The dopaminergic system is believed to modulate a range of cognitive processes, including response inhibition (Brozoski et al, 1979; Mehta et al, 1999; Cropley et al, 2006) . Both the striatum (especially the caudate) and prefrontal cortex have been identified as regions important for response inhibition (Lawrence et al, 1998; Volkow et al, 1998 Volkow et al, , 2004 Aron and Poldrack, 2005; Cropley et al, 2006) . Impaired response inhibition has frequently been described in schizophrenia (Roberts and Pennington, 1996; Badcock et al, 2002; Henik et al, 2002) and is associated with abnormal striatal activation in both those with schizophrenia and their first-degree relatives (Vink et al, 2006) . Deficient nAChR function in the cortex and caudate, with abnormal upregulation of a4 b2 nAChR's in these regions, have also been described in schizophrenia (Breese et al, 2000; Durany et al, 2000) . Nicotine administration may ameliorate deficits in response inhibition in individuals with schizophrenia more than controls by augmenting deficient nAChR function, thereby increasing dopaminergic activity in regions important for this process.
While an improvement in response inhibition is the most likely explanation for the time Â treatment Â diagnosis interactions observed in this study, it is also possible that other cognitive mechanisms may have played a role. If effect of nicotine on commission errors had been mediated by improvements in stimulus encoding and/or working memory, we would have expected greater effects of nicotine in blocks with a greater number of digits in the CPT-IP and LNS tasks, which was not observed. We would also have expected greater improvements in CPT-IP correct hit rate if stimulus encoding and working memory mediated the effect of nicotine, although high correct hit rates at baseline in both groups may have resulted in ceiling effects on this variable. Furthermore, nicotine improved performance in the interference condition of the Stroop and failed to improve performance on the word naming and color naming condition, indicating that improvement on this task was not mediated by improved processing speed and visual attention.
There are limitations of our study that deserve specific mention. First, we chose to investigate the effects of nicotine in nonsmokers and excluded smokers to avoid the confounding effects of nicotine withdrawal and reversal effects on outcome measures. Findings in nonsmokers with schizophrenia may not generalize to smokers with schizophrenia because smokers with schizophrenia may have pathophysiological differences compared with nonsmokers, including more severe disease (Goff et al, 1992; McEvoy et al, 1999) . Individuals with schizophrenia who are able to quit smoking appear to be less cognitively impaired than those who are unable to quit smoking (Dolan et al, 2004; Evins et al, 2005a) . Specifically, better performance in CPT reaction time variability has been shown to predict abstinence in smoking cessation studies in those with schizophrenia (Evins et al, 2005a) , indicating that exsmokers with schizophrenia may have less cognitive impairment than smokers. Secondly, the control group was significantly younger, had a higher mean IQ and lower rate of previous smoking than the schizophrenia group. We found no correlation between age, IQ or smoking history with medication effect on any measure. In addition, we repeated all analyses excluding eight control subjects who were not matched on the basis of age and sex and found that all interactions remained significant. The lack of correlation between smoking history and medication effect is important as impairments in inhibitory function resulting from frontostriatal dysfunction have been described in chronic drug abuse (Jentsch and Taylor, 1999; Volkow et al, 2004) . Furthermore, in a recent study in smokers without psychiatric disorder, smoking abstinence resulted in impairments in response inhibition that were reversed by nicotine administration (Dawkins et al, 2007) . The lack of correlation between smoking history and medication effect suggests that the effect of nicotine on response inhibition in schizophrenia is unlikely to be explained by a greater number of ex-smokers compared with controls. Thirdly, the duration of patch application also differed between the control and schizophrenia groups, as many more controls participated in the study after one task had been removed from the cognitive battery. This was the final task in the battery measuring verbal memory and is reported separately (Weiss et al, 2006) . As this discontinued task was at the very end of the testing period, prior to removal of the patch, the timing of the other cognitive tasks did not change. This could have had an effect on serum nicotine levels at the end of intervention but would not have had an effect on cognitive measurements. Finally, those with schizophrenia were treated with various psychotropic medications. Several participants were treated with medications such as haloperidol that may cause dose-dependent attentional impairment that is reversible by nicotine (Levin et al, 1996b) . In these subjects, the effect of nicotine may have been reversal of cognitive effects of D2 blockade rather than improvement of disease-specific attentional deficits. However, in this study, few participants were treated with classic D2 blocking antipsychotics, while many were treated with psychiatric medications such as clozapine, bupropion, or fluoxetine that may attenuate the effects of nicotine. Nine subjects were treated with the atypical antipsychotic, clozapine, which has been shown to attenuate the effects of nicotine on both working memory and attentional performance in animal models of schizophrenia (Addy et al, 2005; Rezvani et al, 2007) . Seven participants were treated with either bupropion or fluoxetine, which have been shown to have nicotinic antagonist properties in vitro (Hennings et al, 1997; Slemmer et al, 2000) . While it was not possible to investigate the effects of nicotine in medication-free patients due to ethical considerations, excluding participants who were treated with clozapine, bupropion or fluoxetine may have resulted in greater benefits of nicotine being observed in the schizophrenia group.
To our knowledge, this is the largest study of the effects of nicotine on cognitive function in nonsmokers with and without schizophrenia. Our findings suggest that the nicotinic receptor system plays a role in attention in both healthy controls and individuals with schizophrenia. Our findings also suggest that nicotine may have additional benefit in schizophrenia by ameliorating deficits in response inhibition. This study demonstrates that nicotine has an effect on attentional processes and response inhibition independent of its effects on reversing symptoms of nicotine withdrawal in controls and individuals with schizophrenia. However, the clinical significance of such improvements on neuropsychological test performance following administration of a single dose of nicotine is unclear. The effect sizes described here are modest. However, modest improvements in performance on neuropsychological tests in individuals with cognitive impairments may translate into improvement in functional outcomes, and this would need to be assessed. Additionally, nicotine induces tachyphylaxis (Harris et al, 2004; Martin et al, 2004) and effects of repeated dosing would need to be investigated. Exploration of other nAChR agonists that may exhibit less tachyphylaxis may hold more promise for the treatment of cognitive deficits in schizophrenia (Olincy et al, 2006) .
In summary, we describe in this study that a single 14 mg dose of transdermal nicotine improved the attentional performance in nonsmokers with schizophrenia and normal controls. Additionally, we found greater improvements in CPT-IP errors of commission and Stroop performance in patients with schizophrenia than controls. Investigation of the effects of repeated administration of nicotinic agonists on functional outcomes is needed to investigate further the therapeutic potential of nicotinic agonists in the treatment of schizophrenia.
